We previously reported that inhibition of ethylene biosynthesis with aminoethoxyvinylglycine (AVG) eliminated the inhibitory effect of NO 3 -on nodulation of alfalfa (Medicago sativa L. cv. Aragon) plants grown aeroponically. In this work, the effect of Ag + , as an inhibitor of ethylene action, has been studied in plants growing aeroponically or in darkened tubes with vermiculite, and low-nitrate or high-nitrate solution. Vermiculite-grown plants developed up to 3 times as many nodules as did those growing aeroponically. Nodule formation was mirrored by dry-matter accumulation. High (10 mol m -3 ) NO 3 -applied from planting inhibited nodulation to an equal extent (c. 50%) in the two growth conditions. In contrast, Ag + treatment increased nodule formation at all NO 3 -concentrations assayed under the two growth conditions, with the stimulation being higher in plants grown aeroponically. Finally, no effect of Ag + (10 mmol m -3 ) on plant growth was observed in either of the growth conditions. The effectiveness of NO 3 -as a nodulation inhibitor and enhancer of ethylene biosynthesis in roots of alfalfa was also studied. Within 24 h after inoculation, 10 mol m -3 NO 3 -exerted most of its inhibitory effect on nodulation. At the same time, both 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase activity and ethylene evolution rates markedly increased in inoculated and uninoculated alfalfa roots treated with NO 3 -. Support for a role of endogenous ethylene in the control of nodule formation in legumes is discussed.
INTRODUCTION
Nodule formation in legumes is tightly controlled by an internal mechanism called autoregulation, but the establishment and function of the symbiosis is also regulated by fixed nitrogen (mainly nitrate) in the soil (Streeter 1988; Carroll & Mathews 1990; Gresshoff 1993) . Basically, autoregulation involves early infection events that systemically suppress the development into nodules of subsequent infected cell-division foci (Caetano-Anollés & Gresshoff 1990 ); the result is restriction of nodulation to the root crown. The shoot is believed to be the source of the autoregulation inhibitor (Delves et al. 1986) . Supernodulating mutants, which lack this autoregulatory response and show prolific nodulation, have been generated for several legume species. It is feasible that such a regulatory mechanism operates in other nodulated legumes, although variation in the mode of action may also exist (see Postma, Jacobsen & Fenstra 1988; Gremaud & Harper 1989; Akao & Kouchi 1992; Sagan & Gresshoff 1996) . For example, nodule detachment experiments in alfalfa and soybean revealed both additional regulatory mechanisms controlling nodule number and different stages at which autoregulation could be exerted (CaetanoAnollés & Gresshoff 1991) .
Nitrate inhibition of nodulation is a common phenomenon among legume species; however, considerable variation in the degree of regulation exists even between cultivars or accessions within a species. Further, no clear relationship to nitrate metabolism has been established (Carroll & Mathews 1990) . On the other hand, supernodulators, lacking autoregulation, are also nitrate tolerant (nts mutants ; Carroll, McNeil & Gresshoff 1985) and therefore both processes must be coordinately or pleiotropically regulated in wild-type plants. It has been proposed that nitrate inhibition of nodulation, a localized effect in the roots, depends on an interaction between nitrate and the autoregulation signal in soybean (Carroll & Mathews 1990) . Accordingly, supernodulation is seen as a diminished autoregulation, which in turn alters the nitrate effect on early nodulation (Gresshoff 1993) .
Ethylene, an important natural regulator of plant growth and development, is a potent inhibitor of nodulation when exogenously applied (see Abeles, Morgan & Salveit 1992; Hirsch & Fang 1994 for reviews) . An inoculation-stimulated ethylene release (ISER) response was first observed in alfalfa (Ligero, Lluch & Olivares 1986) , as well as the enhancement of root ethylene evolution by nitrate (Ligero, Lluch & Olivares 1987) . Further, the inhibition of ethylene biosynthesis with AVG in this species, significantly increased nodule formation both in the absence (Peters & Crist-Estes 1989) and in the presence of inhibitory levels of nitrate (Ligero et al. 1991) . Thus, we postulated that this phytohormone might be involved in the control of nodule number in legumes. Since then the ISER response has also been observed in other systems (Zaat et al. 1989; Sugamuna, Yamauchi & Yamamoto 1995; van Spronsen et al. 1995) , and a M. truncatula mutant defective in ethylene signal perception that exhibits a dramatically high number of persistent rhizobial infections in the nodulation zone has recently been identified (Penmetsa & Cook 1997) .
Major effects of NO 3 -are exerted within a period as short as 18 h after inoculation by preventing both initial cortical cell divisions and infection thread formation (Malik, Calvert & Bauer 1987) . Ethylene inhibits cell division and cell-wall synthesis (Abeles et al. 1992) , and thus might also influence the progress of the infection thread. However, the timing of enhanced ethylene biosynthesis following nitrate relative to the inhibition of nodulation, is not known at present.
Nodulation studies have often been carried out with the roots exposed to ambient or 'dim' light, depending on the growth system used. But light has stress effects on root tissues and could inhibit nodulation (see Mellor & Collinge 1995 for review) . Light inhibition of nodulation, although not universal, may be mediated by endogenous ethylene, thus confounding the possible implication of this growth regulator in NO 3 -inhibition of nodulation (Lee & LaRue 1992) .
The aim of the present work to study: (1) the relationship between nitrate inhibition of nodulation and endogenous ethylene in alfalfa growing aeroponically or in vermiculite, using an inhibitor of ethylene action rather than biosynthesis; (2) timing of nitrate-induced ethylene biosynthesis in roots relative to inhibition of nodulation.
MATERIALS AND METHODS

Plant culture
Medicago sativa L. (alfalfa) cv. Aragón seeds were surface-sterilized and germinated according to the protocol of Ligero et al. (1991) and uniform seedlings (≈6 mm radicle) were aseptically planted in each of two culture systems, containing the mineral solution of Rigaud & Puppo (1975) , supplemented or not with KNO 3 . The growth conditions have been described previously (Ligero et al. 1991) .
The first system consisted of sterile 20 × 200 mm test tubes, containing a filter-paper strip and mineral solution, stoppered with cotton plugs and partially wrapped with opaque paper (Ligero et al. 1987) . The plants grew inside the tubes with most of their roots out of the solution and were referred to as aeroponic-cultured plants; some light was able to enter the rhizosphere. The second system consisted of autoclaved 24 × 150 mm culture tubes, with their inner surfaces covered with two strips of filter paper, filled with 26 g washed vermiculite (1 g vermiculite : 3 g water) and 19·5 cm 3 of double-strength mineral solution; the full length of each tube was wrapped with three layers of opaque paper foil, and the tubes were stoppered with translucent polypropylene closures. Four days after planting the tubes were opened, allowing the plants to grow out of the tubes; these were referred to as vermiculite-grown plants, and their roots grew in the dark.
Ten-day-old plants (cotyledons and primary unifoliate leaf fully expanded) were inoculated with Rhizobium meliloti GR4B strain as described previously (Ligero et al. 1991) . Plants (always five per tube) in each treatment were watered with sterile fresh solution as required during the growth period. The solutions were balanced for cations and anions with KCl.
Aeroponic culture experiment
The interactions of two levels (2 and 10 mol m -3 ) of NO 3 -with three concentrations (0, 1, and 10 mmol m -3 ) of Ag + as silver thiosulphate (STS) were studied. STS was sterilized by filtration and dilutions were obtained so that addition of 1 cm 3 STS per tube gave the desired concentration. STS was applied immediately after inoculation [10 days after planting (DAP)] and 1 cm 3 per tube of distilled water was added to the untreated plants. Twenty tubes per treatment were scored for nodulation, and nodule appearance recorded at 10, 14, 18, and 22 d after inoculation. At this time, plants were harvested and then dried and weighed. Two experiments were performed.
Vermiculite culture experiments
Stimulation of nodulation by silver
Two groups of plants were used. In the first group, three levels (0, 2 and 10 mol m -3 ) of NO 3 -were applied from the beginning of the culture. In the second group, NO 3 -supply was increased from 2 to 10 mol m -3 at different times around inoculation (9, 10 and 11 DAP). These NO 3 -treatments were combined with two levels (0 and 10 mmol m -3 ) of Ag + as STS, prepared as above and added (1 cm 3 to each paper strip) immediately after inoculation. After that, each tube received 6 cm 3 (3 cm 3 per strip) of the corresponding NO 3 -solution to facilitate Ag + distribution. Twenty tubes per treatment were scored for nodulation at 20 d after inoculation (DAI), then dried and weighed. The experiment was done in triplicate.
In a separate experiment, plants fed 10 mol m -3 NO 3 -from planting were treated with 10 mmol m -3 Ag + at different times around inoculation (-48, 0, + 48 and + 72 h), harvested and scored for nodulation as above. The experiment was done in triplicate.
Time course of root ethylene evolution
Alfalfa plants growing on 2 mol m -3 NO 3 -were used to study the time course of ethylene evolution from roots 48 h after inoculation. Seven hours after the beginning of the light period, plants were carefully uprooted, washed in tap and distilled water, then dried on filter paper. Roots were then detached and placed in 9 cm 3 vacutainers containing 0·5 cm 3 of N-free solution, with the cut end dipped into the solution. The vials were stoppered with serum caps and incubated at 26°C in the dark. At different times of incubation 1 cm 3 aliquots were removed from the headspace and assayed for ethylene by gas chromatography (Ligero et al. 1991) . To avoid low pressure conditions within the vacutainer, 1 cm 3 of ethylene-free air was injected immediately before each sample withdrawal. Ethylene was measured on 10 replicates and data are representative of three assays. Ethylene evolution was also measured for whole plants and detached shoots (data not shown), to confirm the low influence of detachment as previously described (Ligero et al. 1991) .
Effect of nitrate on root ethylene biosynthesis
Plants growing on 2 mol m -3 NO 3 -were changed (or not) to 10 mol m -3 at inoculation. Plants growing on NO 3 --free solution were also included. Root ethylene evolution was measured at different times (24, 48 and 72 h) after inoculation. The roots were handled as above and after 1·5 h incubation 1 cm 3 gas samples were taken and assayed by gas chromatography. After that, the roots were oven dried at 70°C for 2 d and then weighed. Ethylene was measured on 10 replicates and data are representative of three experiments.
Root ethylene-forming enzyme (ACC oxidase) activity was determined in vivo (Schierle & Schwark 1988; Drew, He & Morgan 1989; Pérez-Gilabert et al. 1991) as the capacity of the tissue to convert exogenous ACC into ethylene under saturing conditions, and expressed as nmol of ethylene per g root dry weight per h. Detached roots were immediately submerged in 5 cm 3 of 5 mol m -3 ACC solution in 9 cm 3 vacutainers and vacuum-infiltrated twice, each time for 4 min, at 4°C in an ice bath. Excess solution was removed and the vials sealed with serum caps and incubated at 26°C in the dark for 1 h. At this time, 0·5 cm 3 gas samples were withdrawn and ethylene measured by gas chromatography. Controls including 1 mol m -3 cycloheximide, infiltration with water, or no infiltration were also performed and processed in parallel. Finally, roots were oven dried at 70°C for 2 d and then weighed. Activity was measured on eight replicates and the experiment was done in triplicate. Figure 1 shows the effect of NO 3 -and Ag + on nodulation rates of alfalfa plants grown aeroponically. By 22 DAI nodulation had reached a plateau in most treatments, with no appreciable increase in nodule appearance after this time (data not shown); this observation was similar to previously reported results (Ligero et al. 1991) . The nodulation rate was slowed by 10 mol m -3 NO 3 -, resulting in a 46% reduction in nodule number per plant at the end of the experiment. Silver, however, strongly enhanced (≈80%) nodule formation on aeroponically grown alfalfa roots at both NO 3 -treatments; the effect was most pronounced (on a percentage basis) at the higher NO 3 -concentration (Fig. 1) . The effect also appears to be time dependent, as high Ag + concentration (10 mmol m -3 ) initially delayed nodule appearance (Fig. 1) . These plants showed higher, although not significant, root ethylene evolution than controls at 48 h after inoculation and Ag + addition (data not shown). Plant growth was affected by NO 3 -, but no appreciable effect of Ag + was observed. The average plant mass for the NO 3 -treatments (2 and 10 mol m -3 ) was 33 and 45 mg dry weight per tube (five plants), respectively.
RESULTS
Nodulation and dry-matter accumulation of alfalfa plants grown in vermiculite (Table 1) confirms previous reports emphasizing the use of low (not inhibitory) levels of nitrate in nodulation studies (Carroll & Mathews 1990) Application of 10 mol m -3 NO 3 -, however, at 0, 9 or 10 DAP, caused a 50-60% reduction in the number of nodules per tube; the higher inhibition observed when NO 3 -was added 24 h before inoculation. Delaying NO 3 -application 24 h with respect to inoculation notably reduced that inhibition from 55% (on average) to 35% (Table 1) . Interestingly, 10 mmol m -3 Ag + applied concurrent with Rhizobium inoculation significantly increased nodule number on vermiculite-grown ('dark') roots at all NO 3 -treatments, stimulation ranging from 23 to 37% for plants treated with 2 and 10 mol m -3 NO 3 -, respectively. Even higher stimulation of nodulation could be achieved when Ag + was applied before (48 h) inoculation, as shown in Fig. 2 , but no appreciable effects were observed when Ag + addition was delayed 48 h or more after inoculation.
On the basis of a comparison of the results obtained under the two growth culture modalities used in the present study, the following can be stated: (1) vermiculite-grown plants developed up to three times more nodules than did those growing aeroponically; dry-matter accumulation was similarly enhanced; (2) treatment with 10 mol m -3 NO 3 -from planting inhibited nodulation to an equal extent in both experiments; (3) Ag + treatment significantly increased nodule formation in the presence of low and high NO 3 -under the two growth conditions; the stimulation was greater in plants grown aeroponically; (4) Ag + treatments had no effect on plant growth in either of the two culture systems.
The time course of ethylene evolution from roots was studied to optimize assay conditions (Fig. 3) . With the handling procedure and conditions used (see 'Materials and methods'), ethylene evolved by detached roots was practically linear for the first 3 h of incubation, decreasing thereafter. Therefore, for routinely measured ethylene, the incubation period was set at 1·5 h, with the same handling procedure and conditions. Roots of plants changed from low to high NO 3 -at inoculation gave off markedly higher amounts of ethylene by 24 h than did those remaining on low or no NO 3 - (Table 2) . For measurements at 48 h after inoculation, a set of uninoculated plants in each NO 3 -treatment was also included. The following observations were made: (1) Table 1. NO 3 -enhanced root ethylene evolution in uninoculated plants; (2) inoculated roots showed higher ethylene evolution rates than uninoculated ones at all NO 3 -treatments, although the effect was more pronounced for plants fed 2 and 0 mol m -3 NO 3 - (Table 2) ; (3) ACC oxidase activity of root tissue was markedly higher (≈50%) in control plants (2 mol m -3 NO 3 -) compared to those growing on NO 3 --free solution and was significantly increased by 24 h high-NO 3 -treatment (Table 2) , but, in contrast to what was observed for ethylene evolution, enzyme activity declined rapidly (by about 50% over 72 h) and did not appear to be affected by Rhizobium inoculation. The effect of inoculation on ethylene evolution rate was minimal in plants treated with high NO 3 -, while ACC oxidase activity was more affected in NO 3 --free plants.
DISCUSSION
It was previously reported that NO 3 -and inoculation enhanced ethylene evolution by alfalfa roots (Ligero et al. 1986 (Ligero et al. , 1987 and that inhibition of ethylene biosynthesis by treatment with AVG could eliminate the inhibitory effect of NO 3 -on nodulation (Ligero et al. 1991) . Those plants were grown aeroponically in test tubes according to Olivares, Casadesús & Bedmar (1980) . Some light, however, might have entered the rhizosphere with this system and cause stress ethylene production, thus contributing to the inhibition of nodulation observed and masking possible relationships between NO 3 -inhibition of nodulation and endogenous ethylene. In the present work, we studied the effect of an inhibitor of ethylene action on nodulation of alfalfa plants grown aeroponically, as before, or in darkened tubes with vermiculite.
In aeroponically grown alfalfa, Ag + stimulated nodule formation in the presence of both low and high NO 3 -( Fig. 1 ), even to a higher extent than did AVG (Ligero et al. 1991) . Other features of the stimulation effect such as its dependence on concentration and timing, as well as NO 3 -levels, were similar. Thus, in these conditions nodulation of alfalfa was severely restricted by endogenous ethylene.
We modified the culture system to lessen stressful growth conditions and as a result plants developed up to three times as many nodules ( Fig. 1 ; Table 1 ; 2 and 10 mol m -3 continuous exposure). However, these differences appeared to be directly related to plant growth (which also showed a threefold increase) rather than to a Nitrate, endogenous ethylene and alfalfa nodulation 91 specific effect of light. Nodulation appears to be a function of root size at inoculation and of subsequent plant growth, as suggested for soybean (Francisco & Harper 1995) . Interestingly, Ag + also produced a significant increase of nodule number in darkened roots, at all NO 3 -concentrations (Table 1) . This indicated that nodule formation in these conditions was also restricted by endogenous ethylene. An explanation could be that Rhizobium induces ethylene biosynthesis and NO 3 -, by eliciting ethylene production, may quantitatively reinforce such a plant response, resulting in a further restriction of infection or nodule formation, or both.
Silver ions are an effective and specific antagonist of ethylene action by blocking the binding to its receptor (see Matoo & Suttle 1991; Abeles et al. 1992 for reviews). However, other effects, such as delayed nodulation at higher concentration (Fig. 1) , remain unclear. In a kinetic study of nodule development in alfalfa, it was observed that, 2 DAI, control and Ag + -treated plants had a similar number of infection events but development was at a more advanced stage in the control plants . The process progressed as a wave, consistent with results from other systems (Eskew et al. 1993) , faster in controls but higher in treated plants (Caba, Recalde and Ligero; unpublished results). The sickle mutant of M. truncatula, defective in ethylene signal perception (Penmetsa & Cook 1997) , exhibits much more persistent rhizobial infections but nodule morphogenesis is also delayed relative to the wild type.
The response to Ag + could be affected by the time of its application, as indicated by the higher stimulation achieved when it was applied before inoculation (Fig. 2) . In contrast, application 48 h or later after inoculation did not have significant effects, which appears to suggest a precise window for the action of silver on nodulation (probably the first recognition of nod-factors, the early signal transduction chain, or the induction of the first cell divisions).
The severe inhibition of nodulation by exogenous ethylene has been known for several years (Goodlass & Smith 1979) and an inhibitory role for endogenous plant hormones in autoregulation has been suggested by Gresshoff (1993) and Hirsch & Fang (1994) . As far as ethylene is concerned, this suggestion is supported circumstantially by inhibiting ethylene biosynthesis or action under fully symbiotic or low NO 3 -conditions, which resulted in a significant increase of nodule number in alfalfa (Peters & Crist-Estes 1989; Ligero et al. 1991; this work) and vetch (van Workum et al. 1995) and restored nodulation to pea sym mutants (Fearn & LaRue 1991) . Further, under inhibitory NO 3 -conditions, the same ethylene inhibitors also increased nodule appearance in alfalfa (Ligero et al. 1991 ; the present study) and in the determinate nodule-type legume soybean (Ligero, Poveda, Gresshoff & Caba, manuscript in preparation) . This strongly suggested that: (1) nitrate inhibition of nodulation may be mediated by ethylene, (2) this mechanism might be broadly distributed among legumes; (3) a connection between autoregulation and NO 3 -inhibition of nodulation exists as previously reported (Day et al. 1989; Gresshoff 1993) . In contrast, failure of AVG to stimulate (Sugamuna et al. 1995) or exogenous ethylene to inhibit (Xie et al. 1996) nodulation in soybean cultivars as well as inability of Ag + to overcome the inhibitory effect of NO 3 -on pea (Lee & LaRue 1992 ) have also been reported. Different growth systems and conditions, phytotoxicity of chemicals, treatment application, genetic background (in soybean) and the species used might have contributed to these discrepancies.
In soybean, NO 3 -exerts major effects within a period as short as 18 h after inoculation by preventing both initial cortical cell divisions and infection-thread formation (Malik et al. 1987) . Similarly, in alfalfa, delaying NO 3 -addition for 24 h resulted in a substantial reduction of the inhibition of nodulation ( Table 1 ). The important question is whether NO 3 -would be equally effective in enhancing ethylene biosynthesis in these roots. We found that as early as 24 h after high NO 3 -application, both ACC oxidase activity and ethylene evolution rate have markedly increased in roots with respect to those remaining on low or no NO 3 - (Table 2 ), similar to the ISER response. Although ACC oxidase activity may not be the rate-limiting step (Matoo & Suttle 1991) , it is emphasized that NO 3 -could rapidly induce such enzymatic activity. Time-course studies of the synthesis of the precursor ACC as affected by both Rhizobium inoculation and NO 3 -are warranted.
